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ABSTRACT 

We present deep WIYN Ha SparsePak and DensePak spatially-resolved optical spec- 
troscopy of the dwarf irregular starburst galaxy NGC 1140. The different spatial reso- 
lutions and coverage of the two sets of observations have allowed us to investigate the 
properties and kinematics of the warm ionized gas within both the central regions of 
the galaxy and the inner halo. We find that the position angle of the Ha rotation axis 
for the main body of the galaxy is consistent with the H i rotation axis at PA = 39° , 
but that the ionized gas in the central 20 x 20 arcsecs (~2 x 2 kpc) is kinematically 
decoupled from the rest of the system, and rotates at a PA approximately perpendic- 
ular to that of the main body of the galaxy at -1-40° . Wc find no evidence of coherent 
large-scale galactic outflows. Instead multiple narrow emission line components seen 
within a radius of ~1-1.5 kpc, and high [Sii]/Ha ratios found beyond ^2 kpc im- 
plying a strong contribution from shocks, suggest that the intense star formation is 
driving material outwards from the main star forming zone in the form of a series of 
interacting superbubbles/shells. 

A broad component (100 < FWHM < 230 kms~i) to the Ha line is identified 
throughout galaxy disk out to >2 kpc. Based on recent work looking at the origins of 
this component, we conclude that it is produced in turbulent mixing layers on the sur- 
faces of cool gas knots embedded within the ISM, set up by the impact of the ionizing 
radiation and fast-flowing winds from young massive star clusters. Our data suggest 
a physical limit to the radius where the broad emission line component is significant, 
and we propose that this limit marks a significant transition point in the development 
of the galactic outflow, where turbulent motion becomes less dominant. This mirrors 
what has recently been found in another similar irregular starburst galaxy NGC 1569. 

Key words: galaxies: individual (NGC 1140) - galaxies: starburst - galaxies: ISM - 
ISM: kinematics and dynamics - ISM: jets and outflows. 



1 INTRODUCTION 

Low-metallicity, starbursting, dwarf galaxies are a partic- 
ularly interesting class of galaxy for a number of reasons: 
(1) their low metallicities make them excellent analogues to 
intensely star forming galaxies at high-redshift, which in hi- 
erarchical galaxy formation models are thought to be the 
building blocks of present-day massive galaxies, and (2) the 
starburst event can have much more of a destructive effect on 
the galaxy than for more massive systems; their low gravita- 
tional potentials may also mean that for those with flattened 
morphologies, out flowing mater i al is much more likely to 
escape altogether (|Larson|[l974 iMac Low fc Ferraralll999h 
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DensePak instruments. 
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(note the reverse may be true for those with more irreg- 
ular morphologies: Isilich fc Tenorio-Tagld [2OO1I ) . Although 
the ejection of the ISM (including the freshly chemically en- 
riched material) has clear consequences for the future evolu- 
tion of the s ystem in terms of i ts dynamics and star for- 
mation rate (|Dekel fc Silkl Il986l), and for the enrichment 
of th e intergalactic medium ( Aguirre et al.ll200ll : ICen et al.l 
l2005h . some studies suggest that ejection of hot gas through 
bubble blow-out may not b e as e fficient as first thought 
(|De Young fc Heckmanlll994l : iMartin ,199Sl . It is therefore 
important to study such systems to understand how gas is 
removed and what effects this has in the evolution of the 
galaxy. 



NGC 1140 is a nearby (20 Mpc: iMoU et all 200?!) 
low metallicity (LMC-Uke, 0.4 Zp : llzotov fc ThuaiJ bOO'j : 
iNagao. Maiolino fc Marconil l2006i: iMoll et al.l l2007f ) blue 



compact dwarf (BCD) galaxy with a total star formation 
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rate of 0.7 ± 0.3 M© yr~^ (Hunter, van Woer den & Gal- 
lagher 1994, hereafter lH94bl: iMoll et al.l boOTh . The cur- 
rent star formation is dominated by an extremely Ha- 
luminous central concentration that is known to host a num- 
ber of young massive clusters (YMCs) with ages <5 Myr 
and masses > 10^ Mq (jHunter. O'Connell fc GallagheJ 19941 : 
iMoll et al.ll2007[ ): this extreme youth is supported by th e 
detection of strong WR star signatures (|Mo11 et al.ll2007h . 
It is thought that these clusters are the most recent 
products of a galaxy-wide starburst induced by a merger 
or inte raction with a low lumino sity, gas-rich companion 
H94bll: the optical colours ()H941J i , broad-band photometry 



age-dating ( de Griis et al.l 



Cid Fernandes et al.l 2003), an d photometric star cluster 



2004h all suggest extensive star 



formation throughout the galaxy in the last 1 Gyr, and par- 
ticularly in the last 20 Myr. 

The misalignment of the galaxy's structural compo- 
nents are consistent with the merger scenario. On large 
scales (<40 kpc), the If I gas is elongated along a position 
angle (PA) of —51° (although strongly warped on the south- 
eastern side). In the inner regions (central ~10 kpc), the Hi 
gas is concentrated along an approximately perpendicularly 
oriented ridge (PA ~ -f22°). To first order this neutral 
gas all rotates in almost solid-body rotation, with 
the line of nodes at the PA of 51° (i.e. H I rotation 
cLxis PA = +39°), and exhibits a high vel ocity d ispersion 
indicating that the system is not relaxed (|H94bl ) . In the 
1/-band however, the morphology of this inner region is sig- 
nificantly dif ferent, being roughly rectangular in shape with 
a PA of 0° (|H94bl ). At the south-west end, at a distance 
of ~2.5 kpc, the rectangle has a hook that extends towards 
the west, traced by a chain of Hll regions (see Fig.[l|. This 
chain is aligned with the PA ~ -1-22° Hi ridge, and it is 
these Hll reg ions th at are coincident with the peak of the 
Hi emission (|H94b[ ). not the central Ha concentration as 
might be expected. Further out at fainter V-band surface 
brightness levels, the galaxy appears elongated towards the 
north-west and south-east along a PA ~ —15°. Further out 
still, a number of low surface brightness shells are observed 
that may be linked with either past star-formation events or 
the merger/interaction l)H94bl ) . 

HST imaging (Fig.[T|| shows that the central Hq concen- 
tration extends into a network of complex shells, filaments 
and bubbles that fill the ISM of the gala xy out to a distance 
of_~2 kpc. High [Sii]/Hq line r atios (lH94bl: iBurgh et al.l 
l2006l 'l and strong [Fell] emission (|de Griis et al. 2004 ) are 
both indicators that shocks play an important role in the 
halo. Thus the presence of multiple YMCs, the high Hq lu- 
minosity, strong evidence of shocks, and this "froth" of struc- 
ture in the ionized gas all suggest strong starburst-driven 
feedback is taking place, although to date no kinematic ev- 
idence has been found for a coherent, galaxy- wide outflow. 

With all this in mind, we have obtained deep spatially- 
resolved optical spectra of NGC 1140 from two instruments 
with different spatial resolutions and coverage, to investigate 
the properties and kinematics of the warm ionized gas within 
both the central regions of the galaxy and the inner halo. 

In this work, we adopt a systemic velocit y for NGC 
1140 of 1475 km s"^ giving a distance of 20 Mpc (|Mo11 et al.l 
l2007l ). meaning 1" ~ 97 pc. 



2 OBSERVATIONS AND DATA REDUCTION 

We observed NGC 1140 on two separate occasions with the 
WIY1N0 SparsePak and DensePak instruments. These two 
data sets, providing observations at complimentary spatial 
resolutions, have allowed us to examine the kinematics and 
nebular properties of the galaxy's disk, halo and nuclear 
regions in some detail. 



2.1 SparsePak 

Observations of NG C 1140 were obtai ned with the 
SparsePak instrument (jSershadv et al.ll2004l ) on the WIYN 
3.5-m telescope. SparsePak is a "formatted field unit" sim- 
ilar in design to a traditional IFU, except that its 82 
fibers are arranged i n a sparsely packed gr id, with a small, 
nearly-integral core (|Bershadv et al.ll2004l ). SparsePak was 
designed to maximise throughput and spectral resolution at 
the expense of spatial coverage/resolution, and as such has a 
total light throughput of ~90 per cent longwards of 500 nm. 
Each fibre has a diameter of 500 [im, corresponding to 4'.'69 
on the sky; the formatted field has approximate dimensions 
of 72 X 71.3 arcsecs, including seven sky fibres located on the 
north and west side of the main array separated by ~25". 
The mapping order of fibers between telescope and spectro- 
graph focal planes was purposefully designed in a fairly ran- 
domised fashion in order to distribute sky fibres evenly along 
the slit and minimise the eff'ects of spectrograph vignetting 
on the summed sky spectrum. SparsePak is connected to 
the Hydra bench-mounted echelle spectrograph which uses 
a T2KC 2048 x 2048 CCD detector. 

We obtained observations of NGC 1140 centred on the 
Ha peak at a=2''54™33':43, (5=-10°0l'39'.'3 (J2000) during 
the period 13-16th December 2004 with a total exposure 
time of 3x1800 sees. The position of the SparsePak foot- 
print is shown in Fig. [TJ overlaid on an i/ST/ACS-WFC 
continuum subtracted F658N image (Prop ID: 9892, PI: 
Jansen). Using an order 8 grating with an angle of 63.25° 
(giving a spectral coverage of 6450-6865 A and dispersion 
of 0.20 Apix~^), we were able to cover the nebular emis- 
sion lines of Ha, [N ll] AA6548, 6583, and [S ll]AA6716, 6731. 
A number of bias frames, flat-fields and arc calibration ex- 
posures were also taken together with the science frames. 

Basic reduction was achieved using the CCDproc task 
within the NO AO iraf package. Instrument-specific reduc- 
tion was then achieved using the hydra tasks also within the 
NOAO package. The first step was to run APFIND on the flat- 
field exposure to automatically detect the individual spectra 
on the CCD frame. The output of this task is an aperture 
identification table which can be used for each science frame 
to extract out the individual spectra. The task dohydra 
was then used to perform the bias subtraction, flat-fielding 
and wavelength calibration. The datafile at this stage con- 
tained 82 reduced and wavelength calibrated spectra. A rep- 
resentative sky spectrum was created by averaging the seven 
sky fibre spectra, and sky-subtraction was achieved by re- 
running DOHYDRA with the sky-subtraction option switched 
on. Cosmic-rays were cleaned from the data using lacosmic 



^ The WIYN Observatory is a joint facility of the University of 
Wisconsin-Madison, Indiana University, Yale University, and the 
National Optical Astronomy Observatories. 
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avail DokkumllioOll ). before final combination of the individ- 
ual frames was achieved using imcombine. The final datafile 
now contained 82 reduced, wavelength calibrated and sky- 
subtracted spectra. An example reduced and labelled spec- 
trum is shown in the top panel of Fig. [S] 

In order to determine an accurate measurement of the 
instrumental contribution to the spectrum broadening, we 
selected high S /N spectral lines from a wavelength calibrated 
arc exposure that were close to the Ha line in wavelength, 
and sufficiently isolated to avoid blends. After fitting these 
lines with Gaussians in all 82 apertures, we find the average 
instrumental width is 0.7 ± 0.02 A = 31.4 ± 0.5 kms~\ 

2.1.1 Emission line fitting 

The S/N and spectral resolution of the data have allowed 
us to accurately quantify the line profile shapes of the emis- 
sion lines. In the central regions where the S/N is highest, 
we find the emission lines to be composed of two bright, 
narrow components (FWHM ~ 20-100 kms"^; corrected 
for instrumental broadening) overlaid on a fainter broad 
component (FWHM ~ 100-230 kms"^ also corrected for 
instrumental effects). In some spaxels further out, we see 
only the two narrow components. Two split narrow compo- 
nents are indicative of expanding gas motions. 

To quantify the emission line profile shapes, we fitted 
model Gaussian profiles to each line detected in each spaxel 
of the SparsePak field using a customis ed IDL-based fit- 
ting routine called PAN (Peak ANalvsis: lDimeci|[2005l ) . A de- 
tailed description of the progr am and the customisations w e 
have made to it are given in IWestmoguette et al.l (|2007al ). 
As mentioned above, in many cases we found that addi- 
tional Gaussian components were needed to satisfactorily 
fit the integrated line profile; the number of components 
fitted to each line was determined using a combination of 
visual inspection and the fit statistic output by PAN. For 
the multi-component cases, we specified a number of rules 
to identify the different line components. This consistent 
approach helped both in the minimisation of the fit and in 
the subsequent analysis. For double-components, the second 
component (hereafter C2) was sometimes required to fit a 
broad underlying profile, and in others to fit the fainter com- 
ponent of a split line. Where three components were iden- 
tified, the broadest component was assigned to component 
2 (C2), and after that, the brightest to component 1 (CI) 
and the tertiary component to C3. We note here that in the 
double-component cases where a broad component was not 
detected, the secondary narrow component can be thought 
of as equivalent to C3 in the triple-component cases (where 
C2 represents the broad component). In all cases the indi- 
vidual Gaussian models were constrained to have a 
width greater than the aforementioned instrumental 
width. 

A number of example Ha line profiles from various spax- 
els are shown in Fig. together with the individual Gaus- 
sian fits required to model the integrated line-shapes. These 
were compiled to show the variation in profile shapes found. 

2.2 DensePak 

DensePak (|Barden et al.|[l998h was a small fibre-fed integral 
field array that was usually attached at the Nasmyth focus of 



the WIYN telescop^. During our run DensePak was instead 
attached to the fl3.7 modified Cassegrain port, thus chang- 
ing the detector plate-scale from the documented value. The 
array has 91 fibres, each with a diameter of 300 fim (1.3" 
on the sky at the Cassegrain focus). The fibre-to-fibre spac- 
ing is 400 /xm making the overall dimensions of the array 
12.4 X 19.8 arcsecs. Four additional fibres are offset by ~30" 
from the array centre and serve as dedicated sky fibres. The 
arrangement of the DensePak fi bre array on th e sky, includ- 
ing the sky fibres, is shown in ISawvej l|l997l. note the di- 
mensions given in this reference apply to DensePak at the 
Nasmyth focus). At the time of observation, there were 8 
damaged and unusable fibres in the main array making a 
usable total of 83. DensePak's fibre bundle was reformatted 
into a 'pseudo-slit' to feed the Hydra bench-mounted echelle 
spectrograph, just as for SparsePak. 

On 30th September 2003, we observed the nuclear re- 
gions of NGC 1140 with DensePak by centring the array 
on the coordinates 02'' 54™ 33^:43, -10° 01' 40'.'6 with a PA 
of +90°. The total exposure time was 1800 sees. Fig. [2] 
shows the footprint of the array on the HST/ ACS F658N 
image. The 600 line mm~^ grating at an angle of 26.82° 
gave a wavelength range of 5260-8110 A with a dispersion 
of 1.40 Apix~^, allowing us access to a number of optical 
nebular lines. Contemporaneous bicis frames, flat-fields and 
arc calibration exposures were also observed. 

2.2.1 Reduction 

Reduction was achieved using the same methodology as out- 
lined for SparsePak, using the CCDPROC and hydra tasks 
within the NOAO iraf package. Traces of the individual spec- 
tra were identified from the master flat-field frame, and the 
resulting aperture identification table was used to extract 
the object spectra from the science frames. After flat-fielding 
and wavelength calibrating the dataset, we formed a repre- 
sentative sky spectrum by averaging the data from all four 
sky fibres from all three exposures. This sky spectrum was 
then subtracted from each of the object spectra. Final com- 
bination of the individual frames was done using imcom- 
bine after cosmic-rays were removed with lacosmic. The 
final datafiles contained 83 reduced and sky-subtracted ob- 
ject spectra. 

In order to determine an accurate measurement of the 
instrumental broadening, we fitted a single Gaussian to a 
number of high S/N, isolated arc lines for all 83 aper- 
tures and took the average: the resulting measurement was 
165 ± 10 kms"'^. Note that this is considerably higher than 
that of the SparsePak data, and that, for the most part, the 
emission line profiles are unresolved. 

Fig.[2]shows the position of the DensePak footprint on a 
cut-out of the HST F658N image with the SparsePak fibres 
from Fig. [T] An example reduced spectrum is shown in the 
bottom panel of Fig. [3] A number of residuals remain (e.g. 
around [Ol]A5577 and Nal AA5890,5896) as a result of an 
imperfect sky subtraction. 

Given the spectral resolution of these data, we fitted 
the emission lines of Ha, [Nll]A6583 and [S ll] AA6717,6731 
in each spectrum with only a single Gaussian component 

^ DensePak was decommissioned in 2008. 
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(constrained to have a width greater than the afore- 
mentioned instrumental width). Two fibres covering the 
brightest, central-most regions show evidence of multiple 
components in the Ha emission line; in both cases they 
are resolved into two components separated by ~100 kms"^ 
(these additional components are not shown in the emission 
line maps presented below). 



3 EMISSION LINE MAPS 

In this section we present and describe the SparsePak and 
DensePak emission line maps created hom the line profile 
fits described above. We begin by looking at the SparsePak 
results. 



likely artificially elevated at the level of a few tens of km s~ 
by multiple (unresolved) emission components along the 
line-of-sight. An effect similar to this is also very likely to be 
at work here, particularly in the central regions. Ifere, the 
presence of complex filamentary emission line structures im- 
plies multiple overlapping shells or dynamical components 
on scales less than the DensePak or SparsePak fibre sizes. 

The presence of a second narrow component (assigned 
to C3 where a broad component is identified and C2 oth- 
erwise) is indicative of expanding gas motions. These split 
lines are seen within the nuclear regions (central part of 
array) and in the chain of Hll regions, where the velocity 
differences between the two components are 10-60 kms~^. 
These kind of velocity differences are consistent with those 
expected from regions of intense star formation, and suggest 
the presence of outflowing gas. 



3.1 SparsePak 

3.1.1 Kinematics 

The spatial distribution FWHM and radial velocity of each 
Gaussian component identified are shown in Figs. [5] and |6l 
respectively. 

Narrow <100 kms~^ Ha components are detected out 
to >40" (~3.8 kpc) from the nucleus (Fig. |5] left panel), 
corresponding well to the lim it of emission seen in the deep 
Ha image presented bv lH94bl . In CI, the imprint of the large- 
scale rotation of the galaxy can clearly be seen (Fig. |6] left 
panel) , and a polynomial surface fit to these data shows that 
the peak rotation amplitude (~20 km s~^ kpc~^) is along PA 
= —51° (i.e. rotatio n axi s PA = +39°), in agreement 
with the Hi data of (jH94bf ). In CI, the inner ~20 x 20" 
of the galaxy shows hints of rotating at a different position 
angle. This is discussed further in light of the DensePak data 
presented in Section [3.2.11 We would also like to note that 
the movement of Ha-emitting gas associated with the chain 
of Hll regions (Fig[T|) is consist ent with the rest of the halo 
(and with the findings of lH94bl ^. 

An underlying broad component (C2; 100-230 kms~^) 
can be identified throughout the disk and inner halo, ex- 
tending out to a radius of >2 kpc (Fig. [5] central panel). 
In general, broader line widths are seen on the western side 
of the galaxy. This is mirrored in both CI and C2, where 
C2 widths increase up to FWHM = 230 kms"^ (Fig. [5] 
see also Fig. [4] top-right panel). No broad Ha emission is 
associated with the chain of H ll regions towards the south- 
west. Here only two narrow components are present (note 
that the second, fainter component has been assigned to C2 
- our assignment convention is described in Section [2.1.ip . 
In general, the radial velocities of the broad C2 component 
are blueshifted by ~ 10-50 kms~^ compared to CI, suggest- 
ing that it is associated with gas expanding out of the star 
forming zones. These speeds are more typical for expanding 
supershells as compared to the much larger velocities seen 
in galactic winds. 

At this point we would like to note that in NGC 1569 
we compared the range of emission line radial velocities 
measured in individual s paxels over one 5 x 3.5 a rcsecs 
CMOS IFU field-of-view jWestmoquette et al.ll2007bl) with 
the width of lines from Sp arsePak fibres that covere d ap- 
proximately the same area (| Westmoquette et al.ll2003) . and 
found that the SparsePak FWHM measurements were very 



3.1.2 Nebular diagnostics 

The [S ll] AA6717, 6731 lines were used to derive the electron 
densities of the ionized gas. For the majority of the galaxy 
where the the [S ll] lines were detected (the central ~2 kpc 
and along the chain of Hll regions), the derived values fell 
below the low-density limit at ~100 cm^^. However, in an 
area encompassing the central few spaxels and those extend- 
ing ~20" to the south, we find CI densities rise to a few 
100 cm~^. In the spaxels located in the central part of the 
array (inner ~1 kpc) a second [S ll] component could also be 
identified. The densities measured in this component were 
again mostly at or just above the low-density limit. 

These results are consistent with those of previous stud- 
ies: lH94bl find densities of a few 100 cm ^ in the central 
20-40" of the galaxy, and lMoll etHI (j2007l ) use oxygen line 
diagnostics to find a density of 60 ± 50 cm~'^ in the nebular 
region directly surrou nding starbu r st kno t A (the northern 
star cluster complex! . iBurgh et al.l (|2006[ ) find electron den- 
sities of just over 100 cm"'' from the [S ll] ratio measured in 
the nuclear regions. 

The forbidden/recomination line fiux ratio of 
[S ll](A6717-|-A6731)/Ha can be used as an indicator 
of the number of ionizations per unit volume, and thus 
the ionization parameter, U (jVeilleux fc Osterbrockl Il987l : 
iDopita et all |2000| . l2006h . [Sll]/Ha is also particularly 
sensitive to shock ionization because relatively high- 
density, partially ionized regions form behind shock 
fronts which emit strongl y in [S ll] thus producing an 
enhance ment in [S ll] /Ha (|Dopita| 1 19971: lOev et all |200G| : 
fOstcrbro ck fc Ferlandll2006t ) . Maps of this ratio in the three 
line components are shown in Fig. [7] In the scale bar, we 
have indicated a fiducial value of log([S ll]/Ha) = —0.4 
above which non -photoionized emission is thought to play 
a domin ant role ([Popita fc Sutherland! 1 19951 : iKewlev et al.l 
I2OOI. : Calzetti et al. " 12004 '!. In environments such as these, 
the most likely excitation mechanism after photoionization 
is that of shocks. Outside of the central 2 kpc region, 
the ratios in all three line components rise significantly 
above this non-photoionization threshold. This suggests 
that shocks domin ate the gas excitati on in the halo (as 
previously noted bv lCalzetti et al1l2004l in the outer regions 
of other moderate luminosity dwarf starburst galaxies) and 
thus may play a central role in driving the gas outward. 

The ratio of [Nn]A6583/Ha can be used in a sim- 
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ilar fashion to [Sll]/Ha as a diagnostic of the gas ex- 
citation level and to search for the presence of shock s 
ijVeilleux fc Osterbrockl Il987l : lOopita fc Sutherland! Il995h . 
Fig. [H] shows maps of this ratio for all three components; 
here the marker in the scale bar represents a fiducial non- 
photoionized threshold of log([N ll]/Ha) = —0.1. Again we 
see that the line ratios increase from the central region out- 
wards, but in this case never rise above our adopted non- 
photoionization threshold. Here we should note that metal- 
licity plays a strong part in setting the Hll region/shock 
boundary for these diagnostic ratios, in the sense that a 
lower N abundance (as would be expected at the low metal- 
licity of N GC 1140) would dec rease the non-photoionization 
threshold (|DoDita et al.ll2006[) . 

Again our results agree very well with previous stud- 
ies: lH94bl measured log([Sn]/Ha) ~ -0.7 to -0.3 and 
log([Nii]/ HQ) ~ -1 to -0.7 in the central regions of NGC 
1140, and iBurgh et all (|2006h found [Sll]/Ha to vary with 
radius from a minimum of log([S ll]/Ha) = —0.9 at the peak 
of the Ha emission, to log([S ll]/Ha) — —0.3 at the edges of 
the galaxy. 

3.2 DensePak results 

As described in Section 12.2.11 the emission lines in the 
DensePak spectra were almost all unresolved meaning that 
a single Gaussian component fit was all that was required. 
The spatial distribution of H« flux and radial velocity, and 
the [Sll]/Ha and [Nil] /Ha line ratios, resulting from these 
fits are shown in Fig. [S] The location of the DensePak array 
on the HST Ha image is shown in Fig. |2l 

3.2.1 Kinematics 

Fig. |9}3 shows the Ha radial velocity map. It is clear that 
the velocity gradient observed does not follow what is seen 
on large scales in, for example, our SparsePak maps (Fig.|6]). 
It is instead offset by approximately 90° to a PA of ~-|-40°. 
This corroborates what was hinted at in the SparsePak dat a 
fSection l3.1.1l and in the long-slit data of lBurgh et al.l2006l ). 
and suggests the presence of a counter-rotating core within 
the central ~20 x 20" with a rotation axis aligned roughly 
perpendicular to the main bo dy rotation axis. Th is was also 
found in the long-slit data o f iBurgh et aP (|2006| ). 

3.2.2 Nebular diagnostics 

Most DensePak spaxels exhibit [S ll] -derived electron den- 
sities below the low-density limit (100 cm"''), although a 
small number show densities of a few hundred cm~^. These 
results are consistent with our SparsePak measurements and 
with previous studies as described above. 

In both [Sll]/Ha and [Nil] /Ha (Fig.Et and d) the low- 
est ratios are coincident with the location of the Ha peak 
(Fig. [9^), then increase radially outward (the similarity of 
the two maps is striking). No evidence for shocked line ra- 
tios (in either [Sll]/Ha or [Nil] /Ha) are found in these cen- 
tral regions. Our measurements are again very consistent 
with those from the SparsePak data (once the finer spatial 
samplin g has been taken into ac count), and with previous 
studies (|H94bl : iBurgh et aLlliooel) . 



4 DISCUSSION AND CONCLUSIONS 

In this paper we have presented deep spatially-resolved 
optical spectra of NGC 1140 obtained with the WIYN 
SparsePak and DensePak instruments. The different spa- 
tial resolutions and coverage of the two sets of observations 
have allowed us to investigate the properties and kinematics 
of the warm ionized gas within both the central regions of 
the galaxy and the inner halo, and have revealed a num- 
ber of interesting results. We will now summarise these and 
discuss their implications in the context of the galajcy as a 
whole. 

4.1 Kinematical structure of the disk and halo 

We have measured the position angle of the Ha rotation axis 
for main body of the galaxy, and fi nd it to be consistent with 
the Hi rotation axis at PA = 39° (|H94bl ). 

The peak of the optical emission lies rough ly at the 
centre of the integrated Hi morphology ()H94bf ). The Hi 
ridge feature is oriented roughly perpendicularly to the ma- 
jor axis, and contains the peak of the Hi emission, which 
lies to the south-west of the op tical peak, coincident with 
the chain of Hll regions (|H94bl ) . Despite their appearance, 
the chain of H ll regions located towards the south-west are 
not part of a tidal tail (which might be expected to be kine- 
matically distinct), but appear to rotate together with the 
rest of the galaxy. This makes sense since we know they 
are coincident with the Hi ridge identified by lH94bl . and 
the peak of the H I emission. What do the chain of H ll re- 
gions represent? Split Ha lines with velocity separations of 
a few tens of kms~^ are seen at the location of the chain 
of H II regions indicating that they are young, star forming, 
and dynamically active. It is possible that we are witness- 
ing a sequential progression of star formation through the 
disk (perhaps the H ll regions represent the stub of a tidally 
induced spiral arm), and that in a few Myr the galaxy will 
look elongated in Ha along the -1-22° ridge direction as star 
formation takes hold. 

Our data clearly show that the ionized gas in the central 
20 X 20 arcsecs (2x2 kpc) region of the galaxy is kinemat- 
ically decoupled from the rest of the system, and rotates 
at a PA approximately perpendicular to that of the main 
body of the galaxy at -f40°. This finding of yet another mis- 
aligned structural component is not unsurprising, and only 
adds weight to the interaction/merger scenario proposed by 
lH94bl . 

4.2 The starburst environment and the properties 
of the outflowing gas 

We see no evidence of coherent large-scale outflows within 
NGC 1140. Instead, the Ha morphology (Fig[l]), the fact 
that we find multiple narrow line components with velocity 
separations of 10-60 kms~^ within a radius of ~1-1.5 kpc, 
and the fact that beyond ~2 kpc the [S ll]/Ha ratios rise sig- 
nificantly implying a strong contribution to the excitation 
levels by shocks, all suggest that locally intense star forma- 
tion is driving material outwards in the form of a series of 
interacting superbubbles/shells (i.e. the "froth"). The lack of 
any coherent wind may be due to the disturbed structure of 
the galaxy disk, and/or the modest thermal pressures in the 
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star burst core (implied by the low electron densities) and/or 
the low global average star formation rate (<1 M© yr~^; 
lH94bl : iMoll et al.ll2007f ). 

A broad component (100 < FWHM < 230 kms'^) to the 
Ha line is seen throughout the galaxy disk out to >2 kpc. 
Broad emission line components have been observed before 
in the H/3 line profiles extracted from the nebula region s sur- 



rounding the SSC knots A and B bv lMolI et al 



in m a ny other nearby starburst ga la xies (e.g 



(l20Q/f). and 



19961: iHomeier &: Gallagher! [l999l: iMarlowe et al 



Izotov et al.l 



Mendez fc EstebanI ll997l : Tsidoli. Smith fc CrowtheJ l2006h 
For many years the nature of the energy source for these 
broad lines has been contested, but recent detailed IFU 
studies of the ionized ISM in the starbur st galaxie s NGC 
1569 and M82 (|Westmoauette et alJlioOTal lbl. l2009al lbl) have 
allowed us to address this problem. Accurately decompos- 
ing the emission line profiles and mapping out their prop- 
erties led us to the conclusion that the broad underlying 
component is produced in turbulent mixing layers (TMLs; 
ISlavin et al.lll993l : lBinette et al.l2009^ on the surfaces of cool 
gas knots, set up by the impact of th e ionizing radiation and 
fast-flowing winds from the YMCs (|Pittard et al.ll2005l '). In 
both these galaxies, we found evidence for a highly frag- 
mented ISM that provides copious cloud surfaces on which 
TMLs can form thus explaining the pervasiveness of this 
broad component. The existence of multiple YMCs in the 
central region, the complex, "frothy" Ha morphology of the 
disk and halo (Fig.[l]), and the similarity in width and mor- 
phology of the broad component observed here, strongly sug- 
gest a similar origin for this compone nt. The same conclu- 
sion was reached bv lMoU et ai] (|2007f ). 

Can we determine if the radius at which we stop see- 
ing the broad component is physical or simply an effect of 
the data? Examination of a number of Ha line profiles with 
similar S/N levels from spaxels near this boundary reveals 
slight evidence for the former: spaxels 82 (coordinates -1-20, 
0) and 37 (—25, —8) both exhibit a broad Ha component and 
have integrated Ha S/N ratios of ~55 and ~37, respectively, 
whereas spaxels 28 (—20, 0) and 63 (15,8), with integrated 
Ha S/N ratios of ~85 and ~45, respectively, do not. Finding 
a physical limit to the bro ad component region echoes what 
we found in NGC 1569 (|Westmoauette et aLllioOsh . Here 
we found that the radius at which the broad line component 
ceased to exist roughly corresponded to the point that the 
Ha profile started showing a secondary narrow component. 
Clearly the situation is somewhat different in NGC 1140 
since the broad component region is much larger (~2 kpc 
vs. 500 pc), and we see split narrow components within the 
central regions, but this limit to the broad component re- 
gion may still mark a significant transition point in the de- 
velopment of the galactic outflow, where turbulent motion 
becomes less dominant. Further investigation at higher spa- 
tial resolution and S/N and with comparison to deeper Ha 
imaging would be needed to better quantify this potential 
transition region. 

We can also try to assess the relationship between 
the state of the outflow in NGC 1140 and that of NGC 
1569 and the well-known starburst M82. On galaxy size- 
scales, the NGC 1569 outflow exhibits an irregular su- 
pershell morphology wit h very little coUimation or pre- 
ferred outflow direction dHunter et al.l Il993l : iMartinI 1 19981 : 
IWestmoQuette et al.l 120081 ). M82's outflow, on the other 



hand, consists of two large bi-polar plumes of outflow- 
ing gas that are relatively well structured and colli- 
matcd fehoDbeU fc Bland-HawthornI Il998l : lOhvama et al.l 
[2002 : .Westmoquette et al.ll2009al) . The halo of NGC 1140, 
with its complex, frothy morphology, seems mid-way be- 
tween these two examples. 

Firstly, NGC 1140 is almost three orders of magnitude 
more massive than NGC 1569 and has a rotational velocity 
^r„t ~ 100 kms~^ (IH941J) compared to ~35 kms~^ in NGC 
19951 : 1569 (|Stfl fc Israelll2002D . Since the escape speed, Wcsc, scales 
as v^R, Veec in NGC 1140 is >3 times greater than that 
in NGC 1569. The two galaxies have similar star formation 
rates per unit area so it may not be surprising that the burst 
in NGC 1140 is producing less in the way of an outflow. 

NGC 1140 and M82 have similar Viot and sizes, so 
should have roughly similar values of Uosc- However, both 
the thermal and turbulent pressures at the base of the M82 
wind are >10 times that in NGC 1140 meaning that M82 
must have a signiflcantly higher energy density in its ISM 
and is therefore able to drive a large-scale superwind in a 
way NGC 1140 cannot. The presence of a broad emission 
line component in both cases suggests that despite this dif- 
ference, the underlying structure of cloud boundaries and 
turbulent mixing layers are similar, and that these features 
are not directly linked to the magnitude of the winds. 
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Figure 1. HST / ACS-WFC continuum subtracted Ha image of NGC 1140 (inverse log scaled) with SparscPak footprint overlaid. 
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Figure 2. HST/ ACS continuum subtracted Ha image of the 
central regions of NGC 1140 (inverse log scaled) with DensePak 
footprint overlaid (bold) on the SparsePak footprint from Fig. [T] 
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Figure 3. Example SparsePak and DensePak spectra showing the 
full spectral range of each observation (in arbitrary flux units). 
The identified nebular lines are labelled. A number of residuals 
remain in the DensePak spectrum as a result of an imperfect sky 
subtraction. 
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Figure 4. Example Ha line profiles chosen to represent the main types of profile shapes observed over the field. Observed data is shown 
by a solid black line, individual Gaussian fits by dashed red lines (including the straight-line continuum level fit), and the summed model 
profile in solid red. Flux units are arbitrary but on the same scale. Below each spectrum is the residual plot. 
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Figure 5. SparscPak Ha FWHM maps in the three Ha line components. Left: CI, centre: C2 and right: C3. A scale bar is given in units 
of kms^^, corrected for instrumental broadening. The box in the left panel represents the DensePak footprint outline; and the dashed 
circle in the central panel indicates a radius of 2 kpc. 
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Figure 6. SparscPak Ha rad ial velocity maps in the three line components. Left: CI (the dashed line represents the large-scale Hi 
rotation axis, PA=39°: lH94hl) . centre: C2 and right: C3. A scale bar is given in units of kms ^, relative to Hsys, and the vertical bar 
indicates zero. The box in the left panel represents the DensePak footprint outline. 
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Figure 7. SparscPak [S ll]AA6717, 6731/Ha ratio maps in the three line components. Left: CI, centre: C2 and right: C3. The vertical 
line in the scale bar represents a fiducial ratio (log([S Il]/Ha) = —0.4) above which it is expected that a significant proportion of the 
ionization is achieved through non-photoionizing processes. 
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Figure 8. SparsePak [N ll] A6583/Ha ratio maps in the three line components. Left: CI, centre: C2 and right: C3. The vertical line in 
the scale bar represents a fiducial ratio (log([N n]/Ha) = —0.2) above which it is expected that a significant proportion of the ionization 
is achieved through non-photoionizing processes. 
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Figure 9. DcnsePak maps: (a) Ha fluxes; (b) Ho radial velocities (the dashed line indicates the axis of rotation of the counter-rotating 
core, PA Si —50°); (c) [Sll]/Ho ratio; (d) [Nll]/Ha ratio. Scale bars are shown for each map individually. Unlike with SparsePak, only 
one line component can be detected with DcnsePak due to the much lower spectral resolution of these observations. 



